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NATURAL CONVECTION IH AH ENCLOSURE WITH DISCRETE ROUGHNESS ELEHEHTS OH A VERTICAL HEATED WALL
s. + + Shakerin , M. Bohn*, and R. I. Loehrke ABSTRACT Natural convection flow next to a heated wall with single and repeated, two-dimensional, rectangular roughness elements is studied numeri cally and experimentally.
The objective is to determine how these roughness elements influence heat transfer rates from the wall.
Each rough ness element consists of a thermally conducting, horizontal cylinder of rectangular cross section attached to the heated, isothermal wall of an enclosure.
The height of roughness is on the order of the boundary layer thickness.
Dye flow visualization in water confirms the numerical prediction that the steady flow over these ele ments does not separate.
Only at high Rayleigh numbers, when the boundary layer below the rough ness is unsteady, is local instantaneous flow reversal observed.
Although steady flow rever sals near the wall are not predicted or observed, nearly stagnant regions are formed, particularly between closely spaced cylinders.
The surface heat flux in these stagnant regions is relatively low, so the total heat transfer rate may be nearly the same as for a smooth wall in spite of the increased surface area. Most of the past experimental and analytical work on natural convection heat trans fer from surfaces has focused on smooth surfaces. However, the surfaces of buildings are seldom smooth.
Based on the results of experiments and analysis in forced convection, one might antlcl pate that the roughness associated with surface texture and with isolated elements, such as win dow frames, may significantly influence the over all heat transfer rate from a wall.
If this influence can be predicted with a reasonable degree of confidence, then surface treatment may become a design variable for heat transfer con trol.
More fundamental data on the influence of surface roughnes .
s on heat transfer coefficients in natural convection are required to assess the magnitude of this effect.
Anderson and Bohn ( 1] identified two dis tinctly different ways that the natural convec tion heat transfer coefficient may be altered by roughness. The roughness may introduce distur bances into an overlying laminar boundary layer, which cause that boundary layer to prematurely undergo transition to turbulence.
Thus, that part of the wall exposed to turbulent flow, which in absence of the roughness would have been in laminar flow, experiences heat transfer augmenta tion.
Another way in which heat transfer may be altered is through various mechanisms associated with the locally altered flow near the roughness element.
The heat transfer in fully separated zones may be reduced compared to that at the same location on a smooth surface. On the other hand, local flow acceleration in the attached regions and unsteady vertical flow originating in the unstable separated shear layer downstream of the roughness element may enhance heat transfer.
An early work in this area is that of Eckert et al. (2] who used smoke flow visualization to study the effect of a single, rectangular rough ness element on the apparent position of transi tion on a vertical heated plate in air.
They reported a decrease in the distance from the leading edge of the plate to the beginning of transition of up to 15% when an element with a height of about 3/4 of the boundary layer thick ness was added to a smooth plate.
The present work deals with the same funda mental roughness geometry but focuses on the flow and heat transfer processes in an enclosure in the immediate vicinity of single and repeated rectangular elements.
Our interest in enclosures stems from the ultimate application mentioned earlier, building heat transfer.
Due to strati fication and flow recirculation in enclosures, results from classical vertical-plate-in infinite-medium studies are not immediately applicable.
APPROACH
This study was carried out with comple mentary numerical and experimental efforts. Quantitative predictions were obtained over a range of parameters from the numerical part, while the qualitative checks on these predictions and on the validity of the two-dimensional model employed were provided by the experimental part.
The unsteady, two-dimensional Boussinesq equations were solved for the flow in a rec tangular enclosure.
The equations for vorticity, stream function, and temperature were cast in finite-difference form using forward time differ ences, centered differences for the diffusive terms, and upwind differences for the convective terms.
Each calculation started with the fluid isothermal and at rest.
The two side walls were maintained at uniform, constant temperatures above and below the initial fluid temperature and the floor and ceiling of the enclosure were adia batic.
The calculations proceeded in time until steady-state conditions were achieved.
A nonuni form, zonal mesh was used with grid points spaced more closely in the boundary layer and around the roughness element than in the core.
The results were checked for grid independence and, for the case of smooth side walls, against a previously published "benchmark" solution (de Vahl Davis [ 3] ) , for enclosure flows.
A detailed descrip tion of the numerical technique is contained in reference [4] .
The roughness element height � (see Figure 1 for nomenclature) was ch,osen to be a multiple of the boundary layer thickness at the center of the smooth-walled enclosure at the same Rayleigh num ber.
The boundary layer thickness was defined as the distance from the wall to the first zero crossing of the velocity profile.
All of the numerical results presented here are for �/o = l; however, this study has been extended to 1/2 $ �/o $ 2 and the results are qualita tively the same.
Likewise, most of the results presented here are for an � nclosure with aspect ratio A= H/ L = 1, Ra L = 10 , Pr = 0.7, but the study has included l $ A $ 3, lOS $ RaL $ 10 8 , and Pr = 0. 7 and 7.0 with qualitatively the same results.
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Heat Transfer
The influence of a single roughness con the boundary layer heat transfer can be seen from the distortion of the isotherms.
The calculated isotherm pattern in an enclosure of A = 1 and Ra = L 108 is shown in Figure S . A closeup view of the roughness element and isotherms on the Table 1 .
Here, the average Nusselt number Nu over the L entire heated surface is presented for several geometries.
This Nusselt number is based on the total heat transfer rate from the heated surface and can therefore be used as a direct measure of this influence of the roughness on overall heat transfer from a surface. The increase in Nu ' L shown in Table 1 , for a single roughness compared to a smooth wall is 12%. This is much smaller than the 32% increase in surface area due to the addition of a single roughness at this Rayleigh number. Table 1 . 
s = 2/ s =f
Interferograms for two roughness elements in an enclosure; Ra x = 2.2 x 10 7 , Pr = 0.71 1 observed in the present study: steady separation with reversal of wall shear stress was never observed in the two-dimensional flow over square rdds.
The steady natural convection boundary layers studied here tend to follow the wall con tour very closely.
The main boundary-layer flow skips over the gap between closely spaced rough nesses, but even here the slowly moving fluid between elements follows the main boundary layer. A recently published, two-dimensional, numerical study by Oosthuizen and Paul [ 7] indicates that this conclusion concerning the absence of separa tion may hold even for large surface interrup tions that extend horizontally nearly from wall to wall.
However, boundary 1ayers flowing over large heated horizontal surfaces (or under cooled surfaces) are likely to become three-dimensional so the range of validity of these calculations needs to be further defined.
Heat transfer augmentation may be obtained in forced convection by placing a two-dimensional roughness element, such as one of the rods used in this study, in a laminar boundary layer. The highly unstable, separated shear layer created in the flow over a single rod undergoes rapid trans1t1on to turbulence and may augment heat transfer for a considerable distance down;;tream from the obstacle. The experiments reported here indicate that this mechanism for heat transfer augmentation is not so powerful in natural convection.
The effect of a roughness element on the downstream flow field and heat transfer wa-s not studied in the present work.
However, Eckert et al. [2] have concluded, on the basis of flow visualization, that the transition point may be displaced upstream by about 15% because of a two dimensional roughness.
The influence of this displacement of the transition point on heat transfer needs further clarification.
Heat transfer may also be augmented by the addition of discrete roughness elements to a wall simply because the total surface area is increased.
The results of the calculations reported here show that in laminar flow, a single horizontal bar is a poor fin even if it is perfectly conducting.
The gain caused by added surface area is just about cancelled by the redu. ction in heat transfer coefficient because of the turning of the boundary layer.
With conduc ting, closely spaced, multiple roughness elements the total heat transfer is not significantly different from that for a smooth surface.
A reviewer of this paper brought to the authors' attention a related paper, Bhavnani and Bergles [8] , which generally corroborates the findings of the present work.
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